We experimentally study four-wave mixing in highly nonlinear fibers using two independent and partially coherent laser pumps and a third coherent signal. We focus our attention on the Bragg-scattering frequency conversion. The two pumps were obtained by amplifying two Intracavity frequency-shifted feedback lasers working in a continuous wave regime.
Introduction
Over the last decades, the nonlinear phenomena of parametric four-wave mixing (FWM) have been intensively studied in view of their great potential to provide a large variety of all-optical functionalities for ultrafast signal processing [1] [2] [3] [4] . In particular, optical parametric amplification, frequency conversion, phase conjugation, and nonlinear switching have been widely explored. The main interest was developed for FWM with coherent pumps, since this technique may provide high conversion efficiencies with appropriate dispersion curves [5] . Nevertheless, in recent years, FWM in optical fibers with incoherent or partially coherent pumps has attracted great attention, in view of its polarizationindependent gain and increased resilience to stimulated Brillouin scattering (SBS) [6, 7] . Let us remember that SBS limits the direct use of intense and narrowband lasers in nonlinear fiber. For the specific case of highly nonlinear fibers (hereafter HNLF) the Brillouin threshold may be in the order of few tens of milliwatt for a fiber length of 500 m. The common way to increase the Brillouin threshold requires the adoption of phase modulation of pumps. For the case of two-pump parametric devices, optimal architectures of phase modulations have been proposed to suppress SBS. These solutions are based on phase modulators, generally driven by a pseudorandom bitsequence generator [4, 5, 8, 9] at GHz repetition frequency. With pure phase modulation the pumps can be spectrally broadened without affecting the time domain intensity.
The adoption of incoherent pumps may represent a costeffective solution to study FWM in different scenarios and may open a novel kind of applications, even if this may take place at the expense of low conversion efficiency and spectral broadening of the converted signal. The interplay between four-wave mixing processes with mixed coherent-incoherent pumps may also open entirely new features as reported very recently in [10] . Till now, most of investigations on nonlinear effects with incoherent pumping have been conducted for single pump FWM processes and so far, little attention has been paid to a specific type of FWM generally called Braggscattering FWM (BS-FWM) [6, 10] . The low-noise nature of the BS-FWM is a very attractive feature [8, 11] , which makes this process an excellent candidate for light-by-light manipulation with possible extension to the case of very weak signals. These optical functionalities may be of interest to manipulate optical quantum states in view of frequency conversion in quantum networks.
In this paper, we study the case of BS-FWM with partially coherent pumps in HNLF. For this purpose we used two broadband intra-cavity frequency-shifted feedback lasers 2 International Journal of Optics (IFSFLs) that operated in the continuous wave (CW) regime. Although these pumps are independent and exhibit low coherence time, we experimentally observed a clear signature of frequency conversion. In addition, we discuss the competition between BS-FWM and other types of FWM simultaneously occurring in HNLFs. In particular, we experimentally demonstrate the competition with degenerate (i.e., single pump) FWM.
Experimental Setup and Pump Sources
In the case of a parametric frequency conversion, the coherence time of the pump t C should be compared to the characteristic evolution time t P to establish such a nonlinear interaction. In HNLF and for powers in the order of 50 mW one could estimate t P from the effective nonlinear length and group speed [12] . Whereas t C from our pumps is instead associated to the bandwidth of at least 50 GHz of our pumps, so we may expect that the nonlinear interplay becomes affected by the partial coherence of pumps.
To study the case of BS-FWM frequency conversion in such a different regime we propose the experimental setup presented in Figure 1 . Instead of filtering amplified spontaneous emission (ASE) sources (often employed in previous studies of incoherent FWM [6] ) in our experiment we used a pair of intra-cavity frequency-shifted feedback lasers (IFSFLs) that we independently amplified to obtain two intense pumps.
The coherence properties of IFSFLs have been widely investigated and exploited in metrology and in astronomical imaging [13] [14] [15] . This kind of laser has also been proposed to increase by several orders of magnitude the SBS threshold in [16] allowing supercontinuum generation from an amplified IFSFL with several Watts of input power. However BS-FWM requires two distinct pumps. Thus, we developed two identical tunable fiber IFSFLs that operated at different wavelengths. Each IFSFL has been separately amplified by an erbium-doped fiber amplifier (EDFA) and protected against unwanted back reflections by an isolator. To reduce the ASE noise we put one bandpass filter at the input and two bandpass filters at the output of each EDFA (DiCon thin-film filters with 5 nm bandwidth each). These sets of filters carve the spectrum of each pump to reduce the background spectral level without significantly affecting the 3 dB bandwidth of the sources. Next, the two pumps were combined by a 50/50 fiber coupler and multiplexed with a third signal from a commercially available tunable extended cavity laser (laser power of 4 mW) through a 95/5 "tap" coupler. Pumps and signal were injected into a 480 m long off-the-shelf segment of HNLF with nominal zero dispersion wavelength (ZDW) of 1545 nm.
The spectrum at the output end of the fiber was analyzed by an optical spectrum analyzer (OSA) and by a 1 GHz photodiode connected either to an oscilloscope (OSC) or to a radio frequency (RF) analyzer. In what follows we will refer to a set of measurements in which the average powers of pump 1, 2, and signal at the input end of HNLF were 43 mW, 62 mW, and 0.12 mW, respectively.
The two central elements of our experimental setup are the fiber IFSFLs. We present their synoptic scheme in Figure 2 . Each laser cavity consists of a 20 m long polarization maintaining (PM) erbium-doped fiber pumped by a laser diode emitting at 1480 nm and an inline PM acoustooptic frequency shifter (AOFS) controlled by a fixed RF driver at 110 MHz. The cavity mirrors are provided by a fiber FC-PC connector (see Figure 2 , on the right) to introduce a natural Fresnel-type back reflection; the laser is connected to an output fiber with a FC-APC connector though a mating sleeve containing an air gap. The second mirror is represented on the left-hand side of Figure 2 by a blazed grating in Littrow configuration working at the first diffraction order. The microlens has a focal length f = 8 mm while the grating has density of 600 grooves per millimeter. The central wavelength of the laser can be freely tuned all over the bandwidth permitted by the erbium gain by a simple rotation of the grating. The two IFSFLs are identical copies, and they are both based on this scheme: they were tuned to the upper and lower spectrum edge allowed by such lasers (1540 nm and 1563 nm for pump 1 and 2, resp.) so as to obtain the largest possible difference between their carrier frequencies. The corresponding frequency difference in this case is of 2.87 THz.
The free-space optics section reported in Figure 2 provides the transfer function of intra-cavity frequency dependent loss. In the case of perfect collimation, it turns out that the filtered bandwidth is inversely proportional to the focal length f of the microlens. The fiber end close to the lens was cleaved with an angle of 8
• to reduce any undesired back reflection. Under these conditions the low numerical aperture of the fiber provides the filtering mechanism. In order to smooth the optical spectrum, we used the AOFS inside the fiber cavity. A dynamical equilibrium can be found between frequency shifting, tight frequency-dependent loss, and broadband gain. However, a more detailed analysis of the RF spectrum at the output of one of the IFSFL unveils its complex behavior, as reported on the left-hand side of Figure 3 .
We observe the presence of a comb of frequencies regularly spaced by 3.6 MHz, which compares well with the reciprocal of the round trip time of the fiber cavity. We compare these results with the direct numerical calculation coming from a model described in [17] (see Figure 3(b) ). To implement equation (3) of [17] we assumed a fiber length of 27 m (in fact both the doped fiber and the AOFS are spliced to PM standard monomode fiber patchcords on both ends), a group index of 1.45, a frequency shift of 2 × 110 MHz (the AOFS is seen two times per round trip), and a random phase for each frequency comb component. Note that in our case the AOFS is driven by a radio frequency which is much higher than the inverse of the round trip time of the cavity.
The dynamical evolution of the IFSFLs is also a key point for applications in nonlinear optics. Indeed we observed as many other authors that our IFSFLs may operate in a CW or in a pulsed regime (see, e.g., [18] ), depending on the level of feedback in the cavity. However, it would be desirable that the IFSFLs work close to a CW mode to observe BS-FWM as one would expect that a nonsynchronized pulsed regime (3) of [17] ).
between the pumps may drastically degrade the conversion efficiency in a dual pump process. According to [18] , the bifurcation point between CW and pulsed solution can be influenced by the pump diode power. To keep the IFSFLs operating in the CW regime, we have then set their diode currents to a low value (65 mA for both lasers). For higher values of diode current one observes a rapid transition to time-periodic solutions [18] by direct observation of the laser output through a photodiode and an oscilloscope. The working points of our lasers were finely adjusted by verifying the absence of relaxation oscillations with an oscilloscope and a 1 GHz bandwidth InGaAs photodetector.
Background Theory
Four-wave mixing is usually characterized as 3 distinct processes depending on the relative positions of the pumps, signal, and idler frequencies (see Figure 4 (a)) [4, 8] : modulation instability (MI), phase conjugation (PC), and Bragg-scattering (BS). All of them may be simultaneously observable [5] especially for low dispersion values, as it will be shown at the end of Section 4. MI requires one pump process. PC and BS require instead two distinct pumps. BS-FWM has a low noise nature as the frequency conversion may take place at phase matching in the absence of exponential gain. For BS-FWM energy and momentum conservation give for angular frequencies ω j and wave-vector k j (j = P1, P2, S, for the pump 1, pump 2, signal and idler resp.) [4, 5, 11] :
The dependence of wave vectors on angular frequency leads to the determination of the best conditions for frequency conversion. In close proximity to the ZDW, the dispersion coefficient of an HNLF is generally approximated by a linear function of wavelength. Under this approximation, if one fixes for instance the wavelength of the pump 1, one can build a chart of optimization for the remaining wavelengths combining (1) and (2) [4, 5] . An example for such a diagram is given in Figure 4 (b) for a fiber with ZDW of 1545 nm and dispersion slope of 0.018 ps/(km nm 2 ). The horizontal axis represents a common reference wavelength: its corresponding angular frequency is the mean value between the frequency of the idler and that of pump 2. One can start to choose a value for the wavelength for pump 2 by covering the corresponding thick dashed curve: the wavelength for pump 2 will be the vertical coordinate of the selected point. Then from the chart one can automatically predict the best signal wavelength and hence the position of the corresponding idler. One should draw first a vertical line that matches the selected choice of pump 2. The wavelengths for signal and idler will be read at the intersection points with the other curves. More specifically the signal will be read at the intersection with the thin solid line while the idler will come from the intersection with the thin dashed curve. In practice, it is likely that the ZDW may fluctuate by about 1 nm along the fiber length, according to the analysis presented in [19] for similar types of fibers. This fact may degrade the overall conversion efficiency [5] .
Experimental Results and Discussion
Let us first focus on the spectral region between 1520 nm and 1535 nm, where the BS-FWM appears whenever the signal is varied between 1547.3 nm and 1554.3 nm. The collection of these experimental results is shown in Figure 5(a) . Note that the BS-FWM sideband varies from 1524.5 nm to 1531.5 nm and keeps a fixed distance of 2.87 THz from the signal. BS-FWM is then a follower of the signal frequency, being the frequency distance between signal and idler in BS-FWM decided by the pumps frequencies. We better show this effect in Figure 5(b) where the experimental results of signal and idler carrier wavelength compare well with the energy conservation law of (1). However, in the same spectral range we observe a competition with the degenerated FWM driven by pump 1. Hereafter we will indicate this effect as modulation instability (MI) independently from the presence or absence of parametric gain. Note that we work with very low dispersion values and one of these sidebands is seeded by the input signal itself. Differently from BS-FWM, the sidebands of MI-FWM follow a symmetry law around the pump. Such symmetry in spectrum is very well known and can be understood again from the energy conservation law that reads as ω I = 2ω P1 − ω S . If we assume that the angular frequency of signal is detuned from that of a pump P1 as ω S = ω P1 − Ω, then it turns out that ω I = ω P1 + Ω.
Therefore if we keep fixed the spectral position of pumps and we gradually reduce the angular frequency ω S (i.e., we increase the signal wavelength) we can observe two opposite behaviors: the angular frequency ω I of degenerated FWM will increase whereas that of BS-FWM will decrease. In our experiment this fact leads even to a superposition of the two idlers at 1528.75 nm, when the signal is tuned precisely at λ S = 1551.42 nm. This crossing effect upon signal wavelength is also shown in Figure 5 (a). The coexistence of these two parametric processes and their tiny frequency separation should be then considered carefully in applications. Note that pump 1 is very close to the ZDW and a selection rule of parametric processes, based on phase mismatch may become less effective in practice.
As we show in Figure 6 (a), we obtained in our experiment 16 dB from the background noise level at the idler central wavelength for the case of maximally efficient BS-FWM. Note that in our spectral measurements we set to 1 kHz the video bandwidth digital filter of the optical spectrum analyzer. The maximum conversion is found for a signal at 1550.3 nm. The discrepancy from phase matching (1549.8 nm) may be due to uncertainties in the dispersion parameters of the fiber and to the fluctuation in ZDW along the beam propagation in the fiber [5] , as we have already mentioned. We obtained a depletion of the signal of about 1 dB and a ratio between the spectral peak of the idler and that of the signal of the signal of −20 dB: this result is much lower than that reported in [5] for the case of coherent pumps with direct phase modulation. This is mainly due to the difference in fiber parameters and choice of wavelengths. Additionally note that the experiments show that the idler is spectrally broadened as it comes from a combination of broadband pumps and a narrowband signal [6] . In the experiments we estimated the 3 dB bandwidths of pumps as 20 GHz and 44 GHz for IFSL 1 and 2, respectively, (our spectrum analyzer has a minimum resolution of 0.05 nm which correspond to 6.24 GHz at these wavelengths). We experimentally obtained a 57 GHz wide BS-idler at 1527.8 nm and for a signal wavelength λ S = 1550.3 nm.
Note that in our experiment we can shift the signal within the relatively wide spectral range and still obtain efficient BS-idler generation (see Figure 5(b) ). This effect may be potentially applicable for the simultaneous conversion of a large spectrum. In our case, the conversion efficiency BS-FWM varies by less than 3 dB when the signal is tuned by 9 nm.
Let us now report on the case of the two external sidebands (see a and b in Figure 6(b) ). By using the word "spontaneous" in the label, we mean that these sidebands are directly generated by the two pumps and they do not require a third signal to appear. Their spectral position is entirely due to the spectral positions of pumps: with respect to pump 1 (pump 2), sideband a (b) is at the same frequency detuning of pump 2 (pump 1). Because of the low dispersion of the fiber and relatively high intensity of pumps, sidebands a and b have large amplitudes. Note that the amplitude of the left-side spontaneous FWM idler (see a in Figure 6(b) ) is larger than that of the right-side one (see b in Figure 6(b) ). There are also some additional frequency conversion effects. Since their appearance is strongly connected to the fine adjustment of the working points of IFSFLs, we report our best observation in Figure 7 . More specifically we observed the signature of MI-FWM around pump 2 and PC-FWM. We also observed another kind of BS-FWM that comes from the subtraction instead of the sum of the beating frequency of 2.87 THz (BS ). The conversion efficiencies of these last processes remain low, probably due to the large phase mismatch. We show in Figure 7 two output spectra taken with a signal at 1547.3 nm (a) and 1556.3 nm (b).
Conclusion
In this paper, we studied BS-FWM in HNLF with a novel cost-effective and partially coherent pumping scheme. We experimentally demonstrated efficient and tunable BS-FWM despite the large bandwidth of the pumps and their complete statistical independence. The spectral peak of the converted BS-FWM is 20 dB below that of the original signal and 16 dB above the background noise level. We noted coexistence of multiple independent FWM processes. In particular, we observed a relevant competition BS-FWM and MI-FWM. Our measurements agree well with a theoretical analysis based on the phase-matching diagram for the case of monochromatic waves. In conclusion, nonlinear fiber optics frequency converters based on broadband pumps appear to be promising for their implementation in all-optical signal processing devices.
